Updated information and services can be found at: These include: REFERENCES http://jvi.asm.org/content/83/2/908#ref-list-1 at: This article cites 50 articles, 26 of which can be accessed free CONTENT ALERTS more» articles cite this article), Receive: RSS Feeds, eTOCs, free email alerts (when new http://journals.asm.org/site/misc/reprints.xhtml Information about commercial reprint orders: http://journals.asm.org/site/subscriptions/ To subscribe to to another ASM Journal go to: on June 6, 2014 by OAKLAND UNIV http://jvi.asm.org/ Downloaded from on June 6, 2014 by OAKLAND UNIV In this territory-wide molecular epidemiology study of coronaviruses (CoVs) in Hong Kong involving 1,541 dead wild birds, three novel CoVs were identified in three different bird families (bulbul CoV HKU11 [BuCoV HKU11], thrush CoV HKU12 [ThCoV HKU12], and munia CoV HKU13 [MuCoV HKU13]). Four complete genomes of the three novel CoVs were sequenced. Their genomes (26, 396 to 26,552 bases) represent the smallest known CoV genomes. In phylogenetic trees constructed using chymotrypsin-like protease (3CL pro ), RNA-dependent RNA polymerase (Pol), helicase, spike, and nucleocapsid proteins, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 formed a cluster distantly related to infectious bronchitis virus and turkey CoV (group 3a CoVs). For helicase, spike, and nucleocapsid, they were also clustered with a CoV recently discovered in Asian leopard cats, for which the complete genome sequence was not available. The 3CL pro , Pol, helicase, and nucleocapsid of the three CoVs possessed higher amino acid identities to those of group 3a CoVs than to those of group 1 and group 2 CoVs. Unique genomic features distinguishing them from other group 3 CoVs include a distinct transcription regulatory sequence and coding potential for small open reading frames. Based on these results, we propose a novel CoV subgroup, group 3c, to describe this distinct subgroup of CoVs under the group 3 CoVs. Avian CoVs are genetically more diverse than previously thought and may be closely related to some newly identified mammalian CoVs. Further studies would be important to delineate whether the Asian leopard cat CoV was a result of interspecies jumping from birds, a situation analogous to that of bat and civet severe acute respiratory syndrome CoVs.
Coronaviruses (CoVs) are found in a wide variety of animals in which they can cause respiratory, enteric, hepatic, and neurological diseases of varying severity. Based on genotypic and serological characterization, CoVs have been divided into three distinct groups (3, 21, 50) . As a result of the unique mechanism of viral replication, CoVs have a high frequency of recombination (21) . Their tendency for recombination and high mutation rates may allow them to adapt to new hosts and ecological niches (17, 47) .
The recent severe acute respiratory syndrome (SARS) epidemic, the discovery of SARS-CoV, and the identification of SARS-CoV-like viruses from Himalayan palm civets and a raccoon dog from wildlife markets in China have boosted interest in the discovery of novel CoVs in both humans and animals (5, 15, 29, 32, 35, 36, 45) . For human CoVs (HCoVs), a novel group 1 HCoV, HCoV-NL63, was reported independently by two groups in 2004 (11, 40) . In 2005, we also described the discovery, complete genome sequence, clinical features, and molecular epidemiology of another novel group 2 HCoV, HCoV-HKU1 (23, 41, 42, 46) . As for animal CoVs, we and others have described the discovery of SARS-CoV-like viruses in horseshoe bats in Hong Kong Special Administrative Region (HKSAR) and other provinces of China (22, 26) . Based on these findings, we conducted molecular surveillance studies to examine the diversity of CoVs in bats of our locality, as well as of the Guangdong province of southern China where the SARS epidemic originated and wet markets and game food restaurants serving bat dishes are commonly found. In these studies, at least nine other novel CoVs were discovered, including two novel subgroups of CoVs, groups 2c and 2d (24, 33, 43, 48) . Other groups have also conducted molecular surveillance studies in bats and other animals, and additional novel CoVs were discovered and complete genomes sequenced (4, 6, 7, 8, 9, 12, 13, 14, 16, 20, 27, 28, 39, 49) . Recently, beluga whale CoV (SW1), a novel CoV most closely related to infectious bronchitis virus (IBV), was discovered in a dead whale (30) .
Birds are the reservoir of major emerging viruses, most notably, avian influenza viruses (25) . Due to their ability to fly over long distances, birds have the potential to disseminate these emerging viruses efficiently. As for CoVs, the number of known CoVs in birds is relatively small in comparison to the number in bats. Therefore, we hypothesized that previously unrecognized CoVs may be present in birds. To test this hypothesis, we carried out a territory-wide molecular epidemiology study of CoVs in dead wild birds in HKSAR. In this study, three previously undescribed CoVs (bulbul CoV HKU11 [BuCoV HKU11], thrush CoV HKU12 [ThCoV HKU12], and munia CoV HKU13 [MuCoV HKU13]), which form a unique group of CoV distantly related to IBV, were discovered. In addition, we sequenced two complete genomes of BuCoV HKU11 and one complete genome each of ThCoV HKU12 and MuCoV HKU13. Based on the results of the present study, we propose a novel subgroup, group 3c, in the group 3 CoVs.
MATERIALS AND METHODS
Dead wild bird surveillance and sample collection. The Department of Agriculture, Fisheries, and Conservation (AFCD), HKSAR, provided access to samples collected from various locations in HKSAR over a 7-month period (December 2006 to June 2007) as part of the AFCD avian influenza surveillance program on dead wild birds. Tracheal and cloacal swabs were collected from these birds by the Tai Lung Veterinary Laboratory, AFCD, using procedures described previously (10) . A total of 1,548 samples from 1,541 dead wild birds of 77 different species in 32 families were tested.
RNA extraction. Viral RNA was extracted from the tracheal and cloacal swabs by using an RNeasy Mini spin column (QIAgen, Hilden, Germany). The RNA was eluted in 50 l of RNase-free water and was used as the template for reverse transcription-PCR (RT-PCR).
RT-PCR of the pol genes of CoVs using conserved primers and DNA sequencing. Initial CoV screening was performed by amplifying a 440-bp fragment of the pol gene of CoVs using conserved primers (5Ј-GGTTGGGACTATCCTAAGT GTGA-3Ј and 5Ј-CCATCATCAGATAGAATCATCATA-3Ј) designed by multiple alignments of the nucleotide sequences of available pol genes of known CoVs (42) . After the complete pol gene sequence of the first BuCoV HKU11 was obtained, subsequent screening was performed by amplifying the same 440-bp fragment of the pol gene using primers 5Ј-GGTTGGGACTATCCTAAGTGT GA-3Ј and 5Ј-CCATCATCAGATAGTATCATCAAC-3Ј, which were more sensitive for BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 than the primers used for initial screening. RT was performed by using a SuperScript III kit (Invitrogen, San Diego, CA). The PCR mixture (25 l) contained cDNA, PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 3 mM MgCl 2 , and 0.01% gelatin), 200 M of each deoxynucleoside triphosphate, and 1.0 U Taq polymerase (Pol) (Applied Biosystem, Foster City, CA). The mixtures were amplified in 60 cycles of 94°C for 1 min, 48°C for 1 min, and 72°C for 1 min and a final extension at 72°C for 10 min in an automated thermal cycler (Applied Biosystems, Foster City, CA). Standard precautions were taken to avoid PCR contamination, and no false-positive result was observed in negative controls.
The PCR products were gel purified by using a QIAquick gel extraction kit (QIAgen, Hilden, Germany). Both strands of the PCR products were sequenced twice with an ABI Prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA), using the two PCR primers. The sequences of the PCR products were compared with known sequences of the pol genes of CoVs in the GenBank database.
Complete genome sequencing. Four complete genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were amplified and sequenced, using the RNA extracted from the original swab specimens as templates. The RNA was converted to cDNA by a combined random-priming and oligo(dT)-priming strategy. The cDNA was amplified by degenerate primers designed by multiple alignments of the genomes of other CoVs with complete genomes available, using strategies described in our previous publications (42, 48) and our recently published CoV database, CoVDB (19) , for sequence retrieval. Additional primers were designed from the results of the first and subsequent rounds of sequencing. These primer sequences are available on request. The 5Ј ends of the viral genomes were confirmed by rapid amplification of cDNA ends using a 5Ј/3Ј RACE kit (Roche, Germany). The sequences were assembled and manually edited to produce final sequences of the viral genomes.
Genome analysis. The nucleotide sequences of the genomes and the deduced amino acid sequences of the open reading frames (ORFs) were compared to those of other CoVs by using EMBOSS needle (http://www.ebi.ac.uk). Phylogenetic tree construction was performed by using the neighbor joining method with ClustalX version 1.83. Protein family analysis was performed by using PFAM and InterProScan (1, 2) . Prediction of transmembrane domains was performed by using TMpred and TMHMM (18, 37) .
Nucleotide sequence accession numbers. The nucleotide sequences of the four genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 have been lodged within the GenBank sequence database under accession nos. FJ376619 to FJ376622.
RESULTS

Dead wild bird surveillance and identification of three novel
CoVs. A total of 1,548 respiratory and alimentary specimens from 1,541 dead wild birds of 77 different species in 32 families were obtained from various locations in HKSAR (Table 1) . RT-PCR for a 440-bp fragment in the pol genes of CoVs was positive in specimens from 21 dead wild birds. The sequencing results suggested the presence of three novel CoVs (Table 1 and Fig. 1 ). The first one (BuCoV HKU11) was positive in 15 bulbuls (10 Chinese bulbuls and 5 red-whiskered bulbuls), the second one (ThCoV HKU12) in four thrushes (three graybacked thrushes and one blackbird), and the third one (MuCoV HKU13) in two munias (one white-rumped munia and one scaly-breasted munia). These three novel CoVs were most closely related to a CoV recently discovered in Asian leopard cats (9) but had Ͻ64% nucleotide identities to all other known CoVs ( The sizes of the genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 are 26,476 to 26,487 bases, 26,396 bases, and 26,552 bases, respectively, which are the smallest known CoV genomes, and their GϩC contents are 39%, 38%, and 43% (Table 2). Their genome organizations are similar to those of other CoVs, with the characteristic gene order 5Ј-replicase ORF1ab, spike (S), envelope (E), membrane (M), nucleocapsid (N)-3Ј ( Fig. 2 and Table 3 ). Both the 5Ј and 3Ј ends contain short untranslated regions. The replicase ORF1ab occupies 18.788 to 18.923 kb of the genomes (Table 3) . This ORF encodes a number of putative proteins, including nsp3 (which contains the putative papain-like protease [PL pro ]), nsp5 (putative chymotrypsin-like protease [3CL pro ]), nsp12 (putative RNA-dependent RNA Pol), nsp13 (putative helicase), and other proteins of unknown functions.
BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 have the same genome structure ( Fig. 2 ). They also possess the same putative transcription regulatory sequence (TRS) motif, 5Ј-ACACCA-3Ј, at the 3Ј end of the leader sequence preceding each ORF except NS6, NS7a, and NS7c (Table 3) . This TRS has not been found to be the TRS for any other CoVs with complete genomes available. Similar to other group 3 CoVs, the genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 have putative PL pro proteins, which are homologous to PL2 pro of group 1 and group 2a CoVs and PL pro of group 2b, 2c, and 2d CoVs, IBV, turkey CoV (TCoV), and SW1 ( Fig. 2) . Interestingly, the perfect TRS's of S in the genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were separated from the corresponding AUGs by 140 bases (Table 3) . This is in contrast to the relatively small number of bases between the TRS for S and the corresponding AUG in all other CoVs (range, 0 bases in HCoV-NL63, bat CoV HKU2, HCoV-HKU1, bovine CoV, HCoV-OC43, mouse hepatitis virus [MHV], porcine hemagglutinating encephalomyelitis virus, SARS-CoV, and bat SARS-CoV to 52 bases in IBV). Alternatively, the S in these genomes may be using other potential imperfect TRS's located closer to the corresponding AUG (Table 3 ). In the genomes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13, one ORF (NS6) between M and N and three ORFs (NS7a, -7b, and -7c) downstream from N, which encode putative nonstructural proteins, were observed. Among these four ORFs, only NS7b was preceded by a TRS. The absence of a TRS preceding NS6 and the relatively high (0.500) K a /K s ratio (the ratio between the number of nonsynonymous substitutions per nonsynonymous site and the number of synonymous substitutions per synonymous site; an index of the action of selective forces) of NS6 in BuCoV HKU11 (data not shown) implied that this ORF may not be expressed.
BLAST search revealed no amino acid similarities between these four putative nonstructural proteins and other known proteins, and no functional domain was identified by PFAM and InterProScan. TMHMM and TMpred analyses showed one putative transmembrane domain in NS7b of BuCoV HKU11 (residues 42 to 64 by TMHMM and 41 to 62 by TMpred analysis), Fig. 3) (13, 20, 34) .
Phylogenetic analyses. The phylogenetic trees constructed using the amino acid sequences of the 3CL pro , Pol, helicase, S, and N proteins of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 and other CoVs are shown in Fig. 4 , and the corresponding pairwise amino acid identities are shown in Table 2 . For all five gene products, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 possessed higher amino acid identities to each other than to any other known CoVs with complete genomes available ( Table 2 ). In all five trees, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were clustered (Fig. 4) . For the Hel, S, and N genes, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were also clustered with a CoV recently discovered in Asian leopard cats (9) for which the sequences of these genes were available (Fig. 4 ). There were 14.5 to 18%, 37.4 to 47%, and 25.1 to 29.3% base differences between the helicase, S, and N genes of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 and that of the Asian leopard cat CoV. Notably, a short fragment (184 bases) of pol in MuCoV HKU13 pos- HCoV-OC43 (NC_005147); MHV (NC_006852); BCoV, bovine CoV (NC_003045); SDAV, rat sialodacryoadenitis CoV (AF124990); AntelopeCoV, sable antelope CoV (EF424621); GiCoV, giraffe CoV (EF424622); PHEV, porcine hemagglutinating encephalomyelitis virus (NC_007732); SARS-CoV (NC_004718); bat-SARS-CoV HKU3 (NC_009694); IBV (NC_001451); IBV-partridge, partridge CoV (AY646283); IBV-peafowl, peafowl CoV (AY641576); TCoV (NC_010800); ALC, Asian leopard cat CoV Guangxi/F230/2006 (EF584908); SW1 (NC_010646). BuCoV HKU11 (ChBu, chinese Bulbul, and RwBu, red-whiskered bulbul); ThCoV HKU12 (BlTh, blackbird, and GbTh, gray-backed thrush); MuCoV HKU13 (WrMu, white-rumped munia, and SbMu, scaly-breasted munia).
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GROUP 3c AVIAN CORONAVIRUS GENOMES 911 on June 6, 2014 by OAKLAND UNIV http://jvi.asm.org/ sessed 92.5% nucleotide identity to a recently isolated CoV from a parrot (14) . However, no sequence from other regions of the latter was available for further analysis. For 3CL pro , Pol, helicase, and N, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 possessed higher amino acid identities to the homologous gene products in IBV and TCoV than to those of group 1 and group 2 CoVs (Table 2) . Based both on phylogenetic tree analyses and amino acid differences, we propose a novel subgroup, group 3c, under the group 3 CoVs to describe this distinct subgroup of CoVs which includes BuCoV HKU11, ThCoV HKU12, MuCoV HKU13, and probably, the recently discovered CoV from Asian leopard cats for which a complete genome sequence is not available (9) . Interestingly, the S proteins of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 possessed higher amino acid identities to those of group 1 CoVs than those of IBV and TCoV. This is analogous to a phenomenon we recently described in a group 1 CoV, bat CoV HKU2, in which S is not closely related to those of any known CoVs ( Fig. 4) (24) . 
DISCUSSION
In this territory-wide surveillance study of dead wild birds for CoVs, we identified a novel putative subgroup, 3c, of CoVs. BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 formed three distinct branches within this putative subgroup 3c lineage in all five phylogenetic trees analyzed (Fig. 4) . Moreover, all 15 strains of BuCoV HKU11 were found in bulbuls, the four strains of ThCoV HKU12 were found in thrushes, and the two strains of MuCoV HKU13 were found in munias. These data support the idea that BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 are three separate novel CoV species infecting three different families of birds. As the three novel CoVs possess the same genome organization and share the same putative TRS, we speculate that they originated from the same ancestor, which subsequently diverged to adapt to different hosts and ecological niches. Based on phylogenetic tree analyses, the three novel avian CoVs formed a unique cluster, most closely related to but distinct from other group 3 CoVs.
These three novel avian CoVs were not cultivable using six different cell lines and specific-pathogen-free embryonated chicken eggs (data not shown). BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 of this new proposed subgroup possessed genomic features different from those of other group 3 CoVs (Table 4 ). For the coding potential of the genomes, IBV and TCoV but not SW1, BuCoV HKU11, ThCoV HKU12, or MuCoV HKU13, possess NS3a and -3b between S and E. IBV, TCoV, SW1, and the three novel putative subgroup 3c CoVs possess two, three, eight, and one small ORF between M and N, respectively. BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 but not IBV, TCoV, or SW1 possess NS7a, -7b, and -7c downstream from N. As for the TRS, the sequences for the TRS's of IBV and TCoV are CUUAACAA, that of SW1 is AAACA, and those of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 are ACACCA.
Group 3 CoVs are found in both birds and mammals and probably contain at least three distinct lineages. Historically, on June 6, 2014 by OAKLAND UNIV http://jvi.asm.org/ group 1 and 2 CoVs were found in mammals and group 3 CoVs were found in birds. Although puffinosis virus, a group 2a CoV, had been found in birds, its passage in mouse brains had raised the suspicion that it could be a contaminant of MHV (31) . Recently, SW1, with a genome most closely related to IBV, was discovered from a whale (30) . Interestingly, BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were also clustered with a CoV recently described in Asian leopard cats (9) , for which a complete genome sequence is not available, in phylogenetic trees constructed using Hel, S, and N. This implied that this lineage of CoVs may be present not only in birds but also in some mammals. The clustering of IBV, TCoV, and IBV-like viruses into one lineage, SW1 as a second lineage, and BuCoV HKU11, ThCoV HKU12, MuCoV HKU13, and the Asian leopard cat CoV as a third lineage implies that group 3 CoVs probably contain at least three subgroups. Although the complete genome sequence is not available for the Asian leopard cat CoV, the same putative TRS for the ORFs available, the presence of NS6 between M and N, and the presence of s2m imply that it may possess a genome organization similar to those of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 ( Fig. 2 and 3) . Moreover, the presence of s2m in the Asian leopard cat CoV genome could also suggest that bat SARS-CoV and SARS-CoV may well have acquired their s2m's by recombining with a group 3 mammalian CoV rather than an avian CoV (38) . Of note is that 13 of the 21 dead wild Similar to bats, birds also contain a wide diversity of CoVs. Before the SARS epidemic in 2003, 19 (2 human, 13 mammalian, and 4 avian) CoVs were known. After the SARS epidemic, two novel HCoVs, HCoV-NL63 and HCoV-HKU1, were discovered (11, 40, 42) . In the most-recent 4 years, at least 10 previously unrecognized CoVs from bats have been described in Hong Kong and mainland China (22, 23, 26, 33, 39, 43, 48) . In addition to the generation of a large number of CoV species, recombination has also resulted in different genotypes in certain CoV species, most notably the three genotypes in HCoV-HKU1 (47) . In the present study and others, a wide diversity of CoVs are also observed in birds. The wide diversity of CoVs in bats and birds is probably a result of both a higher mutation rate of RNA viruses due to the infidelity of their Pols and a higher chance of recombination due to their unique replication mechanism. Further molecular epidemiological studies in bats and birds of other countries, as well as in other animals, and complete genome sequencing will shed more light on the diversity of CoVs and their evolutionary histories.
